Human impacts on biodiversity are well recognized, but uncertainties remain regarding patterns of diversity change at different spatial and temporal scales. Changes in microbial assemblages are, in particular, not well understood, partly due to the lack of community composition data over relevant scales of space and time. Here, we investigate biodiversity patterns in cyanobacterial assemblages over one century of eutrophication and climate change by sequencing DNA preserved in the sediments of ten European peri-Alpine lakes. We found species losses and gains at the lake scale, while species richness increased at the regional scale over approximately the past 100 years. Our data show a clear signal for beta diversity loss, with the composition and phylogenetic structure of assemblages becoming more similar across sites in the most recent decades, as have the general environmental conditions in and around the lakes. We attribute patterns of change in community composition to raised temperatures affecting the strength of the thermal stratification and, as a consequence, nutrient fluctuations, which favoured cyanobacterial taxa able to regulate buoyancy. Our results reinforce previous reports of human-induced homogenization of natural communities and reveal how potentially toxic and bloom-forming cyanobacteria have widened their geographic distribution in the European temperate region.
A nthropogenic-induced alterations of ecosystems have contributed to reshaping the biodiversity of natural communities globally 1, 2 . Patterns of responses in local and regional biodiversity are regulated by mechanisms acting at different spatial and temporal scales 3 . Recent controversial debates on the accuracy of meta-analyses reporting biodiversity patterns have highlighted the sensitivity of the choice of the spatial and temporal scales-or geographical focus-for the final assessment of biodiversity loss or gain [4] [5] [6] . However, beta diversity loss over space or time (that is, previously differentiated assemblages increasingly resembling one another) has been consistently reported 4, 7, 8 , supporting the hypothesis that human impacts can reduce environmental heterogeneity and thus increase homogenization of natural communities 8, 9 , with potential impacts on ecosystem functioning and services 10 . Yet, this hypothesis remains untested in aquatic microbial assemblages-particularly photosynthetic microorganisms, whose biodiversity patterns are mostly unknown at large spatial and temporal scales.
Aquatic ecosystems are among the most sensitive to anthropogenic activities and biodiversity loss 11 . In lakes, combined warming and eutrophication (that is, pollution caused by excessive discharge of nutrients) have favoured the dominance of cyanobacteria over eukaryotic phytoplankton 12, 13 due to eco-physiological adaptations, such as buoyancy regulation, fast growth rates and adaptation to low light levels 14, 15 . Cyanobacterial blooms create unfavourable conditions for other phytoplankton (for example, low light conditions), as well as for organisms of higher trophic levels such as zooplankton and fish (for example, anoxia) 12, 16 . Over the past few decades, the frequency and severity of these blooms have increased in lakes and reservoirs worldwide 17 despite remediation measures applied at the regional and international scale 14, 18 . Cyanobacterial blooms are often dominated by toxic species and there is global concern that climate change is promoting the geographic expansion of some potentially harmful taxa [19] [20] [21] , enhancing their dominance due to the combined effect of increasing nutrient load 14, 15 . The lack of long-term historical data (both biotic and abiotic), however, limits our understanding of how anthropogenic-induced changes have affected lake cyanobacterial taxa distribution and community composition over broad spatial and temporal scales. Studies in European peri-Alpine lakes have reported increasing occurrence of potentially harmful cyanobacteria such as Planktothrix rubescens 22 and Dolichospermum lemmermannii 21 over the past few decades that could be attributed to changes in local nutrient concentrations and a warmer climate. Yet, the relative influence of these environmental factors on the structure (diversity and composition) of cyanobacterial communities remains unclear.
In this study, we reconstructed trends in cyanobacterial community structure across ten lakes of the European peri-Alpine region (see the map in Supplementary Fig. 1 ) and related diversity and compositional patterns to known long-term environmental drivers such as temperature and nutrients (Fig. 1) . The average annual air temperature in the region investigated has increased over the past 150 years ( Supplementary Fig. 2a ) thermal stratification as measured by the Schmidt Stability Index (SSI, Methods). During the twentieth century, peri-Alpine lakes also underwent evident shifts in phosphorus and nitrogen levels (Fig. 1b,c) . The severity of change in nutrient loads varied from lake to lake, but the main shifts occurred roughly simultaneously across the whole peri-Alpine region. Total phosphorus (TP) increased rapidly around the 1950s to reach a maximum in the late 1960s to early 1970s (Fig. 1b) . Mitigation of phosphorus discharges into lakes facilitated a rapid decrease in this nutrient, leading to the return of most lakes to TP concentrations that are similar to pre-eutrophication. In contrast, nitrogen inputs have not been controlled and the concentration of this nutrient has increased during the twentieth century 23, 24 (Fig. 1c) .
results and discussion
We found that, along with climate change, eutrophication and re-oligotrophication, the general environmental conditions across the study lakes have homogenized. The difference in mean annual air temperatures between the northern and southern sides of the Alps decreased significantly over the past century (Fig. 1d) . The annual mean TP concentrations across the lakes also became more uniform in the two most recent decades compared with the range of concentrations measured in earlier times (that is, between 1950 and 1999; Fig. 1e ). TP concentrations at present are equivalent to mesotrophic to eutrophic conditions in most lakes (Supplementary  Table 1 and Fig. 1b,e) . Conversely, the lakes display a wide range of NO 3 -N concentrations, which have remained relatively constant since the maximum of eutrophication (Fig. 1f) .
To study the compositional and phylogenetic changes of cyanobacterial communities across lakes and over time, we used DNA extracted from sediment cores (sedDNA) collected in the ten lakes (see Methods). SedDNA has been successfully used to elucidate changes in the freshwater pelagic community composition of various plankton forms 25 , including cyanobacteria [26] [27] [28] . We reconstructed patterns in richness and community similarity by amplifying and sequencing part of the cyanobacterial 16S ribosomal DNA from dated sediment layers and studied the dynamics of operational taxonomic units (OTUs), which represent groups of sequences with a minimum similarity of 97%, within and between lakes (see Methods). We have demonstrated previously that our reconstruction method in sedimentary archives provides an accurate description of cyanobacterial community composition, which is highly correlated with patterns obtained by historical microscopic observations of water samples 28 . We found that the cyanobacterial community composition varied over time and across lakes (ranging from 9 to 52 OTUs, with an average of 25 ± 10.5 OTUs per lake) (Fig. 2a) . Individual lake changes in OTU richness over time were generally insignificant (at the P = 0.05 level), with three exceptions: lakes Zurich, Lugano and Hallwilersee, which showed a significant increase. Overall, there was a significant temporal trend towards a slight increasing OTU richness across all lakes (R 2 = 0.18, P = 0.000132, n = 76; Fig. 2a ). Species accumulation curves confirmed this trend across all lakes (Fig. 2b) , suggesting a generalized gain of species at the peri-Alpine regional scale over the past century. A similar increase in taxa richness has been observed in meta-analysis studies across sites for communities that have been affected by anthropogenic disturbance, particularly post-disturbance successional changes in community composition 6, 7, 29 . ) is indicated by a solid line. e, Violin plots showing the probability density, median and interquartile range of TP over time. f, Nitrate concentrations during the periods of eutrophication (1950-1974 and 1975-1999 ) and post-eutrophication (2000-2015).
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While reports of successful reconstructions of lake plankton community richness and composition based on relatively long DNA markers exist (for example, refs 30, 31 ), possible biases due to DNA degradation with sediment age are of concern in palaeo-genetic studies 32 . We carefully inspected the dataset for the identification of patterns suggesting preferential DNA degradation, including the disappearance of OTUs in specific clades with sediment age, and we did not detect any significant bias. For example, cyanobacteria forming dormant cells (akinetes) were not relatively more represented or more diverse in older layers compared with more recent sediments. Furthermore, our reconstructed data compare well with historical records of several of these well-studied lakes 28 , reporting, for example, the presence of the cyanobacterium P. rubescens in Lake Zurich, Baldeggersee and Hallwilersee over the past two centuries 33, 34 . In Lake Zurich, a study showed an increase in phytoplankton richness over the past 30 years, possibly due to a reduction in phosphorus inputs combined with climate-warming-mediated enhancement of resource heterogeneity over the water column 35 . Temperature can have a direct metabolic effect on phytoplankton, but also indirect effects mediated by changes in the physical (strong thermal stratification leading to increased stability of the water column) and chemical lake state (nutrient recirculation due to mixing events). For example, the strength of thermal stratification in Lake Zurich has increased by ~20% over the past three decades due to warming and this has impaired the frequency and magnitude of lake annual mixing 36, 37 . Weaker mixing contributed to a reduction in the annual phytoplankton turnover in Lake Zurich 38 due to limited winter resetting of the phytoplankton community and favoured the dominance of the harmful cyanobacterium P. rubescens (order Oscillatoriales) 36 . We used linear mixed-effect models to study the potential environmental drivers of cyanobacterial OTU richness change in our dataset (see Methods). The normalized maximal annual SSI and average annual TP concentrations were the only two significant and interacting variables (P = 0.002, n = 30) predicting natural log-transformed OTU richness (marginal R 2 = 0.614; Fig. 2c ). The fixed (SSI and TP) effects explained 61.4% of the variation in OTU richness, with no detectable additional effect of the random factor (lake). The remaining explanatory variables (NO 3 -N and pairwise interactions) were not statistically significant (P > 0.2). Human activities in and around lakes, such as recreational boating and fish stocking, have intensified during the past century and might have contributed to the dispersal of cyanobacterial taxa across lakes of the same region. However, the successful establishment of an invading population is obviously strongly dependent on environmental conditions 39, 40 . The observed change in community structure co-occurred with an increase in the average similarity between lake communities (estimated for each decade based on unweighted Unifrac distance matrices; Methods) (Fig. 2d ). This suggests a general homogenization of the phylogenetic community structure across lakes (that is, a loss of beta diversity), particularly during the few most recent decades. Permutational multivariate analysis of variance (Methods) confirmed that the groups of communities sampled at each period have significantly different centroids (P = 0.01).
The proportion of weakly spatially distributed OTUs among lakes ('rare'; found in < 25% of lakes for a given period) decreased during the past century. Conversely, the proportion of OTUs common in multiple lakes (found in > 75% of lakes for a given period) 
increased about fourfold between the 1950s (6%) and 1990s (24%) after having remained relatively stable until the onset of lake re-oligotrophication in the late 1970s (Fig. 3 ). Our data suggest that changes in lake chemistry and physics might have promoted the dispersion of taxa that best fit the generalized contemporary environmental conditions. The increase in similarity among cyanobacterial communities across lakes was in fact only driven by certain phylogenetic and taxonomic groups. Only three out of five cyanobacterial orders showed an increase in richness during the past century: Chroococcales, Nostocales and Oscillatoriales (Fig. 4) . This result indicates a higher gain in filamentous and colonial taxa able to regulate buoyancy relative to other cyanobacteria across peri-Alpine lakes. This observation is consistent with previous studies in lakes of the same region reporting phytoplankton compositional shifts in favour of colonyforming taxa due to climate warming and changes in nutrient concentrations 27, 36, [41] [42] [43] . The ability to regulate cell buoyancy allows Chroococcales, Nostocales and Oscillatoriales to float and sink periodically to access light (at the surface) and nutrients (below the photic zone) during strong and extended water stratification 14, 44 . Taxa from these orders, which comprise bloom-forming and toxic organisms-particularly species of the genus Microcystis (Chroococcales), D. lemmermannii (Nostocales) and P. rubescens (Oscillatoriales)-increased in prevalence and geographic range across all lakes and over time (Fig. 5) . Hierarchical clustering based on Euclidean distances revealed five clusters of taxa with different temporal patterns. Cluster I comprises five OTUs assigned to unicellular and non-bloom-forming Synechococcus species (order Synechococcales) that were highly prevalent over all the studied time periods. Cluster II contains taxa that were relatively rare (that is, isolated in some lakes) until the 1990s when they became common in most lakes investigated. Cluster II includes genera from Chroococcales (such as Microcystis) and Oscillatoriales (such as OTU 344, which has 100% similarity to a P. rubescens strain that was previously isolated from Lake Zurich 45 ). Cluster III, which contains about 43% of all OTUs identified in this study, is characterized by rare OTUs that were never highly prevalent across the study lakes. Some of these taxa were detected in a few lakes before the 1970s and were not found in recent decades. Cluster IV is a group of taxa with relatively low prevalence throughout the twentieth century, but that were more common during the eutrophication peak. Finally, cluster V contains OTUs that mostly increased in prevalence after the period of maximal eutrophication between 1950 and 1974 and that remained common thereafter. This cluster is characterized mostly by the presence of Chroococcales, Nostocales and Oscillatoriales, including the genera Microcystis and the known invasive Dolichospermum (OTU 614), which has 99% similarity to 
D. lemmermannii strains previously isolated from southern periAlpine lakes 21 . Overall, these results revealed long-term changes in the prevalence of cyanobacterial taxa that were unknown to date across the region and broadened our knowledge about the dynamics of colony-forming cyanobacterial populations during recent decades 20, 21, 46 . Earlier studies have reported the increasing occurrence of blooms of P. rubescens in recently re-oligotrophied lakes around the European Alps 22 . The competitive advantage of this cyanobacterium is thought to rest in its adaptation to low light conditions and its ability to migrate vertically over the water column to harvest nutrients 47 . The invasion by D. lemmermannii in several deep southern subalpine lakes has also been recently reported 20, 21 . In our study, we found two Dolichospermum species in the sediments of several northern peri-Alpine lakes in the 1800s and during the twentieth century (Fig. 5) . In the southern lakes, however, Dolichospermum species were only detected in the sediments after the 1980s. Interestingly, these two OTUs were found in sediments of all lakes, except in the oligotrophic Lake Annecy, suggesting that Dolichospermum species are able to colonize a wide range of lakes where nitrogen and phosphorus are not limiting.
The interaction between climate warming and nutrient fluctuations probably played an important role in our study system. It appears to have favoured taxa able to thrive in environments with a more stable water column and where limiting nutrients were on a declining trend (after they had been enriched). For instance, colonyforming and buoyancy-regulating species are favoured under such conditions 15 . Evidence in the literature supports the hypothesis that reduction in spatial environmental heterogeneity filters species traits and determines homogenization in the composition of natural communities across sites 8, 9 . Coloniality, by increasing the species realized size, is also a grazing-defence trait 48 . We cannot exclude that topdown control from changing zooplankton communities might have played a role in the detected trends in the cyanobacterial community composition. Recent experimental evidence suggests that grazers (that is, Daphnia) can significantly affect the local and regional diversity and community composition of phytoplankton 49 . We have, however, no direct evidence from our data to test this hypothesis.
Our results reveal previously unreported patterns of taxa richness and community composition in cyanobacterial assemblages over spatial and temporal scales that are relevant to both lake ecology and environmental policy. We show prime evidence based on sedDNA that homogenization of natural communities has occurred in lake cyanobacterial assemblages during decades of climate change and eutrophication and this process coincided with the spread of bloom-forming and toxic cyanobacteria in the European peri-Alpine region 21, 22, 36, 46 . Our findings are relevant for a broad range of ecosystems under human-induced environmental pressure, as patterns of biotic homogenization similar to the ones reported here have been shown in marine fish communities, microbial decomposers, plants and animals in grassland communities, with implications for local ecosystem services 8, 50 . The results presented here are spatial-and temporal-scale dependent and more knowledge is necessary about the state and history of cyanobacterial diversity and community composition on a European or continental scale. The loss of spatial beta diversity alongside regional changes in climate and nutrient loading signals a general problem in freshwater ecosystems that might not be reversible by applying traditional lake management schemes focused solely on phosphorus reduction.
Methods
Long-term physico-chemical characteristics of the lakes and environmental change. Seven lakes north, and three lakes south of the European Alps were cored between 2009 and 2014 (see the map in Supplementary Fig. 1 ). The lakes were selected on the basis of their geographical location and eutrophication history The red shading illustrates the proportion of lakes in which each taxon was found at each given period (see colour scale), while the absence of an OTU at a given period is depicted by a white box. Each row corresponds to an OTU identified by a taxonomic name (see Methods) and a number, which was assigned in decreasing order of prevalence. Hierarchical clustering based on Euclidean distances revealed five clusters of taxa with different temporal patterns. The cluster are identified by roman numerals and the three main invasive cyanobacterial taxa mentioned in the text are highlighted in yellow for reference. NAs were used to identify OTUs that were only assigned to phylum Cyanobacteria.
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and because they cover a wide gradient of trophic levels and morphological characteristics (Supplementary Table 1 ). Water samples from these lakes have been collected and analysed as part of multiple sampling programmes by various governmental and institutional bodies over the past two to six decades (see Supplementary Table 2 for details of the sampling and the source of the monitoring data). TP and nitrate (NO 3 -N) concentrations were generally determined on a monthly basis. From these time series, we averaged TP and NO 3 -N integrated over the uppermost 20 metres, or over the whole water column when depth-resolved data were not available (Lake Pusiano). We used publicly available homogenized monthly air temperature data 51 from MeteoSwiss (http://www.meteoswiss.admin. ch/home/climate/past/homogenous-monthly-data.html?station=sma) recorded at the three following meteorological stations (see map in Supplementary Fig. 1 ) to show the increase in air temperature between the years 1860 and 2015: Zurich/ Fluntern (N, Alpine north side-eastern Plateau), Lugano (S, Alpine south side) and Genève-Cointrin (NW, Alpine north side-western Plateau).
Water stability index. We used the SSI (as defined by ref. 52 ) to calculate the strength of the water column thermal stratification in all the lakes, with the exception of Lake Pusiano for which no depth-resolved temperature profiles were available. The maximal annual index values were obtained for each lake in years during which a minimum of three profiles had been collected in the summer (between July and September; n = 312). To account for possible biases related to an uneven number of temperature profiles sampled per year, the depth-resolved water stability profiles were bootstrapped 1,000 times by choosing 3 random points during the summer period and were compared with an hourly resolved one-dimensional hydrodynamic model recently published on Lake Geneva 53 . The estimated error in the maximal SSI calculation was around 8% over a period of 30 years.
Sediment core sampling and dating. Two types of gravity corer (UWITEC-63 and the Eawag-63/S corer) were used to collect sediment cores of approximately 1 m in length and 63 mm in diameter in 10 peri-Alpine lakes between 2009 and 2015. The cores from Greifensee, Hallwilersee, Baldeggersee, Lake Zurich, Lake Constance, Lake Lugano, Lake Maggiore and Lake Pusiano were transported to Eawag facilities in Dübendorf where they were stored in an upright position in the dark at 4 °C until analysis. The cores from Lake Geneva and Lake Annecy were preserved and processed similarly at the Institut National de la Recherche Agronomique (Thonon-les-Bains, France).
The cores collected in Greifensee and Lake Zurich had previously been dated based on varve counting, in addition to radiometric methods for the Greifensee core ( 210 Pb, 226 Ra, 137 Cs) 28 . The sediments in all other cores were dated based on both varve counting (when applicable) and radiometric methods ( Supplementary  Fig. 4) . A core from each lake was opened longitudinally, photographed and described. A half-core from each lake was sub-sampled at 1 cm intervals for radionuclide measurements on a High-purity Germanium (HPGe) Detector (gamma spectrometer; Canberra Industries) at the Eawag (Switzerland) for lakes Hallwilersee, Baldeggersee, Constance, Lugano, Maggiore and Pusiano) and at the Modane Underground Laboratory (LSM environmental radioactivity facility, France) for lakes Annecy and Geneva.
Molecular analysis.
The sediment samples dedicated to sedimentary DNA (sedDNA) analyses were collected either from half of the reference core or a second half-core that was correlated to the reference core based on lithological tie points and lamina counting performed on the reference and working cores. All sediment cores were opened and processed in a room in which no genetic or molecular work had been performed before, following procedures to reduce contamination with foreign DNA, as detailed in ref. 28 . The sediment samples were collected in sterile tubes and transferred to a clean laboratory facility where no polymerase chain reaction (PCR) work has been performed before and where strict clean laboratory procedures are followed. Briefly, disposable gloves, shoe covers and a head net were worn, and a clean laboratory coat was used each time. The DNA extraction and PCR preparation steps were carried out inside a laminar flow hood cleaned with bleach and sterilized under ultraviolet light for at least 20 min before use. The PCRs and post-PCR steps were carried out in a regular molecular genetic laboratory and PCR products were never in contact with the sediment or DNA samples. DNA was extracted from approximately 1 g of sediments using the PowerSoil DNA Isolation Kit (Mo Bio Laboratories) for all lakes except Geneva and Annecy, for which the UltraClean Soil DNA Isolation Kit from the same company was used, according to the manufacturer's instructions. DNA extractions were performed in batches of seven samples, with the addition of one extraction negative control each time. Each sediment layer was used for two independent extractions performed at different times and the two extracts were subsequently combined to reduce heterogeneity.
The sequencing library preparation was done following the MetaFast protocol developed by Fasteris using cyanobacteria-specific primers 54 that included a 10-12-nt-long tag for identifying the samples and creating size variation in the amplicon (Supplementary Table 3 
°C for 45 s, followed by a final extension step at 72 °C for 5 min. Each PCR plate contained between 30 and 96 samples (including negative controls at a ratio of 1 per 8-11 samples). PCR was replicated three times in independent PCR runs and the products of each sample were pooled. These pooled PCR products were then purified using the Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare) and eluted in 30 µ l of Tris-EDTA buffer (10 mM). Purified PCR products were finally quantified with a Qubit Fluorometer and a total of 111 samples were pooled in equimolar concentration into one multiplex library. Negative PCR controls (that is, PCR reactions not containing DNA template) were added to the sequencing run to control for contamination. The final library was sent to the Fasteris sequencing company (Geneva, Switzerland) for adaptor ligation and sequencing on a MiSeq Illumina platform.
Sequence data processing. For quality control and processing of the sequencing data, we followed an in-house workflow developed at the Genetic Diversity Centre (ETH Zürich; adapted from ref.
28
). A total of 10,609,311 quality-checked, primertrimmed and cleaned sequences from 111 samples were clustered in 2,826 OTUs using the UPARSE workflow 55 at a minimum sequence similarity of 97% and a read abundance threshold of 5. Four samples had fewer than 10,000 reads each and were therefore removed from the dataset. Finally, we filtered out OTUs that were not assigned to cyanobacteria (confidence threshold of 0.89) and removed 13 more OTUs that were found in fewer than three samples over the whole dataset. This was done to reduce biases introduced by very rare taxa or possible sequencing errors. The seven negative controls that were included in the sequencing run each comprised less than 1% of the reads compared with the sample average and were therefore removed. For the richness estimation, the OTU counts were rarefied to account for differences in the sequencing depth. In total, the filtered dataset comprised 143 OTUs assigned to photosynthetic cyanobacteria distributed across 108 samples. After the rarefaction step, 133 OTUs in 76 samples remained.
The taxonomic assignment of the OTUs was based on a Greengenes database 56 supplemented with a few decoy sequences belonging to non-cyanobacterial prokaryotes (see ref.
). Of the 143 photosynthetic cyanobacterial OTUs found in this study, 139 were assigned to order level, 125 were assigned to family level, 65 were assigned to genus level and none were assigned a species name with high confidence (based on a confidence threshold of 0.89).
Phylogenetic diversity estimation. The reference sequences for each cyanobacterial OTU were aligned with PyNAST 57 and used to infer a phylogeny based on the maximum likelihood in FastTree 58 . All diversity analyses were performed with the software R version 3.3.2 (ref. 59 ). The phyloseq package in Bioconductor 60 was used to import, visualize and sub-set sequence data, as well as for estimating richness and community similarity, which we respectively defined as the number of OTUs in a lake at a given point in time and the compositional similarity between sites. Community similarity was estimated using both taxonomic-based (Jaccard) 61 and phylogenetic-based (Unifrac) distances 62 . The patterns were comparable between the Jaccard and Unifrac indices; therefore, we present and discuss only the analyses based on phylogenetic distances. We estimated OTU richness in the meta-community formed by all lakes at each given point in time using randomization in the function 'specaccum' in the vegan 63 package for R. The rarefied OTU counts were used to estimate richness and community similarity.
Compositional turnover. We compared the phylogenetic similarity among communities of lakes using the function 'adonis' in the vegan package by permutational multivariate analysis of variance using distance matrices. The samples were split in different time periods to cover the timespan of the study. The number of samples before the 1940s was insufficient for calculating pairwise similarity across communities; therefore, these samples were excluded from the analysis. To understand changes in cyanobacterial community composition across sites, we studied the prevalence and distribution of shared and specific OTUs across the ten lakes over time. We calculated the proportion of lakes in which each OTU was found at each given time period (prevalence). Figure 5 was produced using CIMminer 64 and taxa were clustered for pattern detection by calculating Euclidean distances based on prevalence and the dendrogram constructed by the average linkage method. Rare OTUs were defined as the OTUs found in less than 25% of the lakes at a given time period and the common OTUs were defined as the ones present in at least 75% of the lakes at a given time period.
Statistical models. Our objective was to compare and quantify the strength of the relationship between cyanobacteria and environmental drivers (the strength of water thermal stratification, TP and NO 3 -N) over the past century in the ten peri-Alpine lakes. The annual average values of NO 3 -N and TP for the year before, the year of and the year after the approximate year corresponding to a sedDNA sample were calculated for each observation (that is, for a sample dated 1990, the mean nutrient values of the years 1989, 1990 and 1991 were averaged and used in the model). This averaging over a three-year period was done to account for uncertainties related to the sediment dating. The abiotic variables were weakly NAturE ECOlOgy & EvOlutiON cross-correlated (coefficient of correlation < 0.55). OTU richness was used as a response variable in individual models and a lake random effect was evaluated. We applied a natural logarithm transformation to the response variable and verified that the residuals were normally distributed. We used linear mixed-effect models from the 'lme4' package for R based on the 30 observations for which OTU richness, depth-resolved water temperature, TP and NO 3 -N data were available (Lake Annecy and Lake Pusiano were therefore excluded from the model). The best model was selected based on the comparison of the nested models using parametric bootstrap methods in the pbkrtest package for R.
For calculating community similarities and reporting the richness and prevalence of OTUs over time across all sites, the sedDNA samples were grouped by time periods of either 10 or 25 years depending on the data availability. The chemical data for the lakes were pooled in a similar way (25-year periods) to reflect temporal changes in the overall nutrient concentrations across the lakes (Fig. 1e,f We attempted to collect sediment cores from all major peri-alpine lakes impacted by eutrophication. We chose our sample of lakes based on availability of long-term lake data, accessibility for sampling and diversity in morphometric variables (to cover different lake sizes and morphometries). Only one core was sampled from every lake since we have shown in previous work that DNA from one sediment core was sufficient for confidently describing community composition over centennial time scales [see Monchamp et al. 2016 , Appl and Environ Microbiol].
Data exclusions
Describe any data exclusions. Next generation sequencing: the 16S sequence reads which did not pass the preestablished quality check and filtering steps are discarded. In the analyses requiring rarefication of samples to account for variation in sequencing depth (e.g. for estimating richness), the samples that contain less reads than the established threshold are discarded. Statistical analyses: no outlier was found and no data points have been excluded from analyses.
Replication
Describe whether the experimental findings were reliably reproduced.
This study did not include any experiment. Replication was achieved in the survey by sampling 10 lakes. Two DNA extractions were pooled for each sample, and in PCR amplification steps, 3 separate PCR reaction on the same DNA extract were performed and pooled.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Our study was a survey, in which no randomisation was applied to sample collection or analysis.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Blinding was not possible due to the nature of the samples. Because we work with time-series of DNA samples collected in sediments of various age, we must follow strict procedures to avoid contamination of old samples with modern DNA. Therefore, it is advised to process the old and recent samples separately to help reduce the risks of cross-contamination, especially during DNA extractions. For the PCR step, all samples are treated the same way, i.e., the plates are prepared with both old and recent samples together.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
No unique materials were used
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species). No commonly misidentified cell lines were used
